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Research Article
Continuous separation of colloidal particles
using dielectrophoresis
Dielectrophoresis is the movement of particles in nonuniform electric fields and has been
of interest for application to manipulation and separation at and below the microscale.
This technique has the advantages of being noninvasive, nondestructive, and noncontact,
with the movement of particle achieved by means of electric fields generated by minia-
turized electrodes and microfluidic systems. Although the majority of applications have
been above the microscale, there is increasing interest in application to colloidal particles
around a micron and smaller. This paper begins with a review of colloidal and nanoscale
dielectrophoresis with specific attention paid to separation applications. An innovative
design of integrated microelectrode array and its application to flow-through, continuous
separation of colloidal particles is then presented. The details of the angled chevronmicro-
electrode array and the test microfluidic system are then discussed. The variation in device
operation with applied signal voltage is presented and discussed in terms of separation
efficiency, demonstrating 99.9% separation of a mixture of colloidal latex spheres.
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1 Introduction
1.1 General
Dielectrophoresis (DEP) is the motion arising from the
interaction of nonuniform electric fields and the induced
electrical dipole in polarizable particles [1–5]. The standard
electrical technique of electrophoretic separation works when
suspended charged particles migrate under the influence of
applied electric field. DEP has distinct advantages over this
technique in that it can separate neutral particles as well,
allowing the separation of particles without having to physio-
logically alter them; which gives minimum particle handling
and no damage. DEP also typically uses microfabricated elec-
trodes to generate highly nonuniform electric fields, which
allows it to be performed locally, whereas electrophoretic sep-
aration is generally a long-range effect acting between two
large external electrodes.
Due to the requirements for microfabrication, the local-
ized nature of DEP, and the rapid growth of microfluidic Lab-
on-a-Chip systems or TAS in the past two decades in both
research and commercial sectors [6–8], there has been a re-
cent growth in the application of DEP to these areas. The first
practical application of Lab-on-a-Chip was in fact on-chip CE
[9] and with recent advances in the synthesis and the char-
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acterization of size-selected particles in the submicron and
nanometer (colloidal) range, an investigation of their physi-
cal and chemical properties is now possible [10]. The capabil-
ity to produce small scale devices allows the development of
entirely novel experiments and chip-based analytical systems
have been developed and applied to a variety of fields such
as separation science, chemical production, DNA analysis,
medical diagnostics, and environmental analysis.
This paper presents a brief review of DEP and its appli-
cation to colloidal and nano particles. The application of this
technique to the separation of particles is then discussed,
again focusing on the activities in submicrometer particle
separation. The paper then continues with the presentation
of an innovative design for a double-sided aligned electrode
array for the continuous flow-through separation of colloidal
particles. Results of the application of the integrated micro-
electrode array in amicrofluidic test device are then presented
and discussed. The paper concludes with an estimation of the
separation performance and efficiency.
1.2 Background
1.2.1 DEP and colloids
DEP is the movement of particles in nonuniform electric
fields and the fundamental aspects of this behavior have been
discussed in numerous publications [2, 11, 12]. The dielec-
trophoretic force on a spherical dielectric particle of radius a
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suspended in a homogeneous dielectric medium, is
FDEP = a3.m
×
⎡
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2
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(p + 2m)2
⎤
⎥⎦.∇|E |2
(1)
where E is the electric field,  is the angular frequency of the
applied signal,  is the permittivity, and is the conductivity of
the particle (denoted by the p subscript) or medium (denoted
by the m subscript).
Inspection of the DEP force expression shows three de-
pendencies. First it depends on the volume of the particle, in-
dicating that as the volume of the particle decreases, the force
decreases proportionally. This is a critical issue with DEP
of nanoscale particles. Second, it depends on the electrical
properties of the particle and the fluid medium in a complex,
frequency-dependent term enclosed by the square brackets.
This term is referred to as the Clausius–Mossotti factor and it
also affects the magnitude of the force to a slight degree but
more importantly determines the direction of the DEP force.
When the real part of this factor (expanded in the equation)
is greater than zero, particles move toward strong electric
field regions (referred to as positive DEP) and when the real
part is less than zero, particles are repelled from strong field
regions (negative DEP). This behavior allows DEP to discrim-
inate between particle types, and therefore separate, based
on differences in frequency dependency. The third depen-
dency is that the force is proportional to the gradient of the
electric field magnitude squared. This relationship is what al-
lows DEPmicrosystems to be effective in themanipulation of
nanoscale particles—rather than increase the voltage (which
gives a squared increase in the force) to compensate for the
reduction in the DEP force with particle volume, a reduction
in the scale of the microsystem and the electrodes gives a
cubed increase in force.
In a viscous fluid, all forces are heavily damped by viscous
drag and the corresponding velocity v of the particle is sim-
ply proportional to the applied force with the proportionality
given by the friction factor f:
vDEP = FDEP
f
= a
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where the friction factor for a spherical particle in a fluid of
viscosity  has been substituted. An important point to note
is that the dielectrophoretic velocity is only proportional to
the square of the particle radius.
The situation is further complicated by other forces in
action on dielectric particles in suspension subjected to a
nonuniform electric field. These include gravitation for larger
and randomizing forces for smaller particles and a range of
fluid flow forces, which could be augmented by the applica-
tion of higher voltages and stronger electric fields. A quantita-
tive comparison of the competing forces has been conducted
by Ramos et al. (1998) [11], where the effect of non-DEP forces
has been shown to be particularly pronounced for colloidal
particles, due largely to the significance of Brownian mo-
tion and surface charge. The significance is such that DEP
was perceived for long as able to generate motion of ≥1 m
particles for all other factors remaining constant. Accord-
ingly, DEP applications were confined to microparticles. In
several instances, DEP motion of cells and microorganisms
was achieved with insignificant competition from fluid flow
forces.
One critical point to note is that the design requirements
for DEP devices for colloidal particles where Brownian mo-
tion dominate are substantially different than for larger, heav-
ier particles where gravity dominates.
1.2.2 DEP of colloidal particles
It was the advent of semiconductor fabrication methods in
DEP design that facilitated the extending of dielectrophoretic
applications to colloidal particles. With electrode structures
on the micro and nanometer scale, electric fields of sufficient
strength to overcome randomizing effects were generated
using voltages of modest magnitude, thereby avoiding un-
wanted electrothermal effects. Despite the presence of the
enabling technology, the number of research groups having
achieved DEP of colloidal particles remained small [13–21]
until recently.
The majority of recent work related to colloidal particle
DEP has involved particles with submicrometer dimensions
across and micrometer-scale lengths. There are various re-
ports on the immobilization, positioning, alignment, and as-
sembly ofDNAbundles [22–24], nanowires [25–29], nanorods
[30,31], and carbon nanotubes [32,33], mainly for circuit and
sensory functions. Among the few reports in recent years on
DEP of colloidal particles, with all dimensions in the submi-
crometer range, are the DEP capture of virus particles using
a probe array with nanoscale tips [34], the optically induced
dielectrophoretic trapping and subsequent assembly into ar-
rays of gold nanoparticles [35], the use of DEP in conjunction
with hydrodynamic forces to enhance nanoparticle transfer
for rapid biosensing [36], and DEP enhancement of protein
detection in a silicon-nanowire biosensor [37].
1.2.3 Dielectrophoretic separation
DEP is particularly suitable as a label-free method of sep-
arating dielectric particles in suspension [38]. Simpler (yet
with wide-ranging applicability) DEP separation procedures,
predominantly visible in earlier applications of the technique,
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rely on the distinction between positive and negative DEP to
accumulate particles of higher/lower polarizability than the
suspending medium in regions of higher/lower electric field
strength. Castellated electrode structures, with well-defined
regions of high and low field intensity, have been a favorite
choice for DEP separations based on this principle. In a no-
table example, human breast cancer cells have been separated
from blood and collected at the tips of castellated electrodes
[39].
More sophisticated designs have relied on differences in
DEP force magnitude (rather than sign only) to accomplish
continuous-flow separation of multiple particle types from
mixture suspensions. In an important development, DEP
has been used in combination with sedimentation forces to
add to the controllability of discriminating between differ-
ent particles [40]. The technique, known as DEP-field-flow
fractionation has been used for the separation of cell subpop-
ulations from suspension [41, 42]. Based on differences in
DEP spectra, i.e. variations of the dielectrophoretic force with
electric field frequency, and through the combined action of
dielectrophoretic and hydrodynamic forces, continuous-flow
separation of viable (live) and nonviable (dead) cells has been
achieved [43]. However, this technique relies on the relation-
ship between gravity and DEP and would therefore not work
on colloidal particles. More modern designs have used more
advanced microfabrication methods to make sidewall elec-
trodes [44] or to actually use channel designs and controlled
liquids to make liquid electrodes [45] for flow-through sepa-
ration applications.
There are abundant examples of DEP used alone or
in conjunction with fluid flow forces to separate cells and
other microparticles. However, as with DEP in general,
few works have reported on dielectrophoretic separation
of colloidal particles into distinct subpopulations. In re-
lated achievements, nanowires and nanotubes, which of-
ten have a mix of micrometer scale and submicrometer
scale dimensions, have been separated through the effect
of DEP (at times in conjunction with fluid flow forces)
based on differences in particle shape or dielectric proper-
ties. A notable example has been the enrichment of metallic
and/or semiconducting carbon nanotubes frommixture sus-
pensions [46, 47]. Other examples include shape-dependent
separation of ZnO particles using DEP and field-induced
fluid flow [48] and the dielectrophoretic separation circu-
lating from genomic DNA [49]. The few reports on dielec-
trophoretic separation of colloidal particles, with all dimen-
sions on the submicrometer scale, include the DEP collection
of viruses of two different types in regions of high/low elec-
tric field strength in a polynomial electrode geometry [50],
the separation–using castellated electrodes–of 93 nm latex
particles into distinct subpopulations characterized by their
surface charge [51], size-dependent separation of 93 and 216
nm spherical particles from solution using the combined
effect of dielectrophoretic and electrohydrodynamic forces
[52] alongside examples of DEP separation of colloidal parti-
cles from their mixture with larger particles of micrometer
dimensions [53, 54].
1.2.4 Dielectrophoretic separation using angled
electrodes
Among the most effective electrode structures used for
continuous-flow DEP separation are those that are angled
with respect to the direction of suspension flow. Angled elec-
trode structures have also been used as “funnels” to guide
particle motion within a channel or as part of the function
of a microsystem [55–59]. As DEP separators, angled elec-
trode structures have been found favorable in their reliance
on negative DEP for inducing forces of different strength on
particles of different properties. The use of negative DEP as-
sures no particle-electrode contact and is thereforeminimally
intrusive to the particles and minimally contaminating to the
electrodes. The noncontact feature of DEP separation using
angled electrodes makes them favorite candidates for biopar-
ticle separation. Cell synchronization has been achieved
based on size-dependent negative DEP force generated by an-
gled electrodes and the technique found advantageous over
conventional means in its noninvasiveness [60]. Using the
same electrode arrangement, high-throughput separation of
colloidal and micrometer biological particles from suspen-
sion [61–65] and the enrichment of rare bacteria expressing
a specific surface marker from an excess of nontarget bacte-
ria [66] have been achieved. Sequential angled electrodes have
been used on top and bottom of a channel to sort cells prior to
analysis [67]. In a similar work, the angle of electrodes with re-
spect to the direction of fluid flow has been varied to facilitate
DEP separation of particles of varying size, starting from 250
to 12 um [68]. Other related work using concepts similar to
this include trapezoidal electrode arrays for continuous sepa-
ration ofmicroparticles [69], zig-zag paired electrode arrays in
silicon and glass [70], high speed switched attenuators [71], a
3D fan-shaped electrode system [72], and a piece-wise curved
array [73]. An elegant application of this type of design using
imposed conductivity gradients has also been demonstrated
[74].
The design tested in this paper uses angled electrodes
consisting of two interdigitated arrays of chevron-shaped elec-
trodes on top and bottom of a channel [75,76]. The electrodes
are not intended to act as barriers against particle motion, but
to produce a cumulative displacement along the whole array
with significantly less DEP force required per electrode. The
advantage is particularly important for applications involving
colloidal particles, where Brownian motion dominates their
behavior. In addition, the particles are focused into the mid-
dle of the channel where the fluid moves fastest, improving
sample throughput and reducing adhesion and contamina-
tion issues.
2 Materials and methods
The electrode array and the principle of operation are shown
in schematic form in Fig. 1. The fabrication of these electrode
arrays and their integration into microelectrode arrays has
been fully described previously [77].
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Figure 1. Schematic diagram of the principle of operation of the
aligned microelectrodes array in the test microfluidic system. A
sample containing particles is introduced through a port connec-
tor into a microfluidic channel. Hydrodynamic focusing is then
used to focus the sample stream into a narrow beam of parti-
cles before entering the electrode array. In this case, the sheath
flow rate on one side (port B) is greater than the other (port A),
ensuring that the sample stream is positioned close to one side
of the main channel and entering the microelectrode array at the
top of the angled electrodes. The electrode array design con-
sists of chevron-shaped interdigitated electrodes fabricated on
the base of the channel with the electrode angling away from the
channel wall to an apex near the far wall, with a second shorter
angled section returning back up the channel. The electrodes are
alternately connected to a potential signal and ground. A second
mirror image microelectrode array on the top of the channel is
aligned so that electrodes on the bottom face gaps on the top
and vice-versa. As a heterogeneous mixture of particles passes
through the array, particles that experience sufficient DEP force
will deflect along the angled electrode and exit at different path at
the end of the array, with the point in the chevron shape defining
the exit position. In the test structure there are two exits for col-
lection of particle samples, with the deflected particle type going
to port D.
2.1 Electrode configuration
The electrode array used in this design were set at an angle
to the microfluidic channel and hence the flow of particles.
In addition, the electrodes were arranged with a chevron or
“V” shape to define an exit point from the array at the apex
of the chevron. In this work, as is shown in Fig. 1, the angle
of the electrodes to the wall was 30, with a corresponding
inner angle at the apex of 60. The width of the electrodes was
approximately 19 m and the gap between the electrodes was
25 m. The electrode array was fabricated using photolithog-
raphy on a pyrex substrate and the microelectrodes consisted
of 200 nm of platinum on 20 nm of titanium as an adhesion
layer. The electrodes are alternately connected to a bus-bar
on either side of the array in a position insulated by the mi-
crofluidic channel wall andwere designed to completely cross
a channel of width 500 m.
This microelectrode array is specifically designed for col-
loidal particles for which gravity is a negligible phenomenon.
This requires the field to be symmetrical from top to bottom
in the channel, so that the DEP force is predictable under the
influence of Brownian motion [2]. As a result, two aligned
arrays are required, one on top of the channel and one at the
bottom, with a suitably low aspect ratio for the channel. The
channel was fabricated by lithography of a Dry Film Resist,
with a width of 500 m and height of 40 m, altering to
510 m and height of 37 m, following shrinkage during
the curing process. The two electrode arrays are manually
aligned under microscope with the electrode at the bottom
facing the gap on the top and vice-versa. The top and bottom
arrays are then slightly offset by 6 m, measured using the
microscope camera. A photographic inset of the fabricated
microelectrodes can be seen in Fig. 1.
As shown schematically in the figure, particles enter-
ing the array will be deflected by the DEP force generated
by the array. On both top and at bottom the electrodes are
interdigitated, with an electrical signal and ground applied
to alternate electrodes to generate a strong electric field and
therefore DEP force. The use of two arrays top and bottom,
ensures that the particles, when experiencing negative DEP
are pushed into the vertical middle of the channel, where
the fluid flow is fastest and therefore ensuring reproducible
separation that occurs at a fast enough flow rate to be useful.
Since the DEP force varies significantly with height above
the electrodes and therefore the behavior of the particles is
less predictable when they are free to move vertically, using
two arrays to constrain the vertical movement will increase
predictability. In addition, the symmetry of the field is essen-
tial for working with colloids, since Brownian motion and
diffusion are symmetrical effects where gravity is not [2].
The arrays are also long, so that each electrode produces
a slight deflection rather than stopping the particle against
the flow, therefore allowing for smaller particles to be manip-
ulated at low voltages. The use of negative DEP in the design
also ensures that particles will be kept away from channel
and electrode surfaces, which will prevent adhesion prob-
lems. The array is also therefore a flow-through separation
system that can operate continuously.
2.2 Device and system design and operation
The microfluidic channel fabrication method has been de-
scribed in a previouswork [77] with the details of themicroflu-
idic channel around the electrode array given in the previous
section. Figure 1 shows a schematic of the operation of the
test microfluidic system. The sample particle mixture stream
is focused into a narrow beam by hydrodynamic focusing
prior to entering the electrode array. The sheath flow is im-
balanced in that the rate from one side (port B) is greater
than the other (port A). This focuses the sample mixture to
one side of the main channel so that it enters the microelec-
trode array at the top of the angled electrodes at the far side
from the apex of the chevron electrodes. As a heterogeneous
mixture of particles passes through the array, particles that
experience sufficient DEP force will deflect along the angled
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electrodes and exit at different path at the end of the array,
with the point in the chevron shape defining the exit position.
In the test structure there are two exits for collection of particle
samples, which splits the output flow 50:50. The microfluidic
chips were mounted inside a custom-designed microfluidic
holder for the connection of external pumps [77] and the
collection of separated samples from the outputs: ports C
and D.
2.3 Experimental aspects
Fluorescent carboxylate-modified latex spheres were used
in the experiment (yellow-green (505/515 nm) FluoSpheres,
Molecular Probes, Eugene, OR. This type of particle are fre-
quently used in assays, as a labeling index (beads per bacterial
cell) or biomarkers [78,79]. Fluorescent latex spheres contain
high levels of various fluorescent dyes, making them easy to
visualize, and are highly negatively charged, which ensures
that they remain suspended. Thismakes them ideal flow trac-
ers and practical particles for testing DEP systems. In this
work, latex spheres with diameters of 2, 1, and 500 nm were
used and suspended in test solutions of potassium chloride,
KCl, with different concentrations to control the conductivity
of the suspendingmedium. The SD in size for these particles
was 5%. Mixtures of different particle sizes were prepared
by washing down in different solutions to produce different
samples.
As described in Fig. 2, the samples were injected contin-
uously into the sample input with sheath flow solution with
the same concentration of KCl into inputs A and B. The injec-
tion was controlled using syringe pumps and glass syringes:
250 L Gastight #1725 R© by Hamilton-Bonaduz, Schweiz
and 1000 L MD-0100 from BASi with integrated controller
pumps. The ratios of the different input flow streams were
controlled by a single syringe pump controller.
Microfluidic channels were then observed under opera-
tion using a custom-designed fluorescence microscope [77]
with a 10× Nikon Planfluor long working distance objective,
which ensured that the whole depth of the channel was in
focus. Signals were generated using a TTi (Thurlby Thandar
Instruments) TGA1244 waveform generator with a GPIB in-
terface and measured using an Agilent mixed signal oscillo-
scope 54641D. Video was recorded using a Panasonic 3CCD
digital camera and recorded onto high definition digital video.
2.4 Image analysis
Experiments were recorded on high definition video with
the signal generation and video capture hardware controlled
by Matlab. Image analysis was then performed on video still
frames using customcodewritten forMatlab, a block diagram
ofwhich is shown in Fig. 2, with an example still frame shown
undergoing analysis for illustration purposes. NOTE: in all
experiments performed on this design of array, the channel
was arranged so that particles moved upwards in the video.
In the analysis, each video is reduced to a series of
still images that are processed in sequence with individual
particle tracked to ensure that individual particles are not
counted multiple times. The still images are then converted
to grayscale. This image is then thresholded with edge de-
tection used to identify individual particles (black and white
image in the figure). Intensity values from matching pixels
in the grayscale image are then used to produce an intensity
value for each particle. For the experiments in this paper, the
Figure 2. Ablock diagramshowing the
steps from capturing video of the flow
of particles in a channel through analy-
sis and data capture. The images show
one still frame captured from a video,
with particles moving upwards from
bottom to top, followed by grayscale
conversion and thresholding and fi-
nally labeling on the basis of size and
intensity to detect different particles. In
this case, final position of particles in
the top 10% of the image (at a distance
from the end of the microelectrode ar-
ray) is used to determine the horizon-
tal movement of particles across the
channel by the DEP force.
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final position of particles in the top 10% of the image (at a
distance from the end of the microelectrode array) was then
collected. The horizontal position of the particles in these im-
ages is then the horizontal exit position from the electrode
array, from which the DEP deflection distance in the array
can be calculated.
3 Results and discussion
Figure 3 shows typical experimental observations and data
from the microfluidic channel and array. These data are for
two sizes of particles (2 and 1m) suspended in KClmedium
with a conductivity of 14.8 mS/m and an applied signal fre-
quency of 1 MHz. The images here are constructed from
several successive video frames by OR summing the pixels,
to demonstrate the tracks of the individual particles up the
channel. The particle density is very low (as seen in Fig.
2 and it was assumed that particles were sufficiently sepa-
rated so that each could be seen independently. The sam-
ple flow rate was 0.1L /min and the sheath flow rate was
0.5 L/min.
Each image is paired with a scatter plot of arbitrary inten-
sity versus distance from the left of the image inmicrons. The
analyzed data of intensity (arbitrary unit) plotted against dis-
tance across the image (and therefore the channel), demon-
strating that the large (brighter) particles have been displaced
across the channel from the smaller (dimmer) particles. The
four pairs (A–D) show the change in behavior as the applied
voltage is increased from 12 volts peak-to-peak to 17 volts
peak-to-peak. The scale of the image is indicated by the scale
in the scatter plot; the width of the still image is 660 m, and
the channel width was 510 m. The apex of array at the exit
can be seen at the bottom of the images.
The lowest voltage, Fig. 3A, is the lowest voltage forwhich
appreciable lateral movement of the 2 m particles (the high
intensity cluster) and therefore lateral separation from the
1 m particles (low intensity cluster). As the voltage is in-
creased, Fig. 3B and C, the 2 m particle stream is deflected
farther across the channel and broadens slightly. At the high-
est voltage, Fig. 3D, the 2 m particle stream is deflected
sufficiently for most of the particles to reach the array exit
point at the apex. Those particles are then tightly focused into
a stream exiting from the apex.
Figure 4 shows still video sequences and scatter plots of
analyzed intensity data for the same two sizes of particles
(2 and 1 m) this time suspended in a KCl medium with
conductivity 1.9 mS/m and again with an applied signal fre-
quency of 1MHz. There are again four images and graphs
shown for four different values of function of peak-to-peak
voltage (Vpp): (i) 8.8, (ii), 11.5, (iii) 15.5, and (iv) 20 Vpp.
Again, as the voltage is increased, lateral deflection of the
2 m particle stream is observed that increases with applied
voltage, separating from the 1 m stream. It is also clear that
the deflection is significantly smaller for the same applied
voltage and frequency.
3.1 Theoretical analysis
This behavior is consistent with the theoretical description
of DEP. In this system, with colloidal particles, the motion
followed by the particles is that given by Eq. (2) with an ap-
propriately simulated field-dependent term. The movement
of the particles is therefore dependent on the square of the
particle radius and the velocity exhibited by the 2mparticles
should be four times greater than that of the 1 m particles.
This dependency on size explains the difference between the
observed movement of the larger particles and the smaller
but also the large distribution of particle position. With a 5%
SD in particle diameter, the variation in DEP velocity will be
marked across the distribution of particle sizes (22% for one
SD, 46% for two and so on.)
This microelectrode array works therefore within a win-
dow of voltages for a given particle type. Below a minimum
voltage, no deflection is observed and above, the deflection
rapidly increases to a maximum corresponding with the apex
of the array, as indicated by the voltage squared dependency
of the DEP force. The voltage would need to be sufficient to
clearly separate the two streams of particles.
3.2 Analysis of separation
The deflection data were then analyzed in terms of physi-
cal separation of the two streams of particles. The image-
processing algorithm gives horizontal position of the particle
streams referenced to the sidewall. The mean position of the
distribution of the two streams was then calculated and the
difference in deflection between the two sizes of particles was
then determined in order to give an estimation of the degree
of separation of the two. Cumulative data for dozens of exper-
iments and thousands of particle events are shown in Fig. 5,
plotting the physical distance of separation of the two output
streams (2 and 1 m), from the mixture at the exit for the two
medium conductivities: 1.9 and 14.8 mS/m and an applied
voltage frequency of 1 MHz. Initially, the separation follows
a voltage squared dependency as expected up to the voltage
where the larger size of particle is exiting at the apex of the
array.
At higher voltages the separation distance starts to de-
crease as the smaller particles are now being deflected by the
applied field. This effect is more pronounced for the lower
conductivity solution, which also resulted in the greatest dis-
tance of separation between the two streams. However, the
variability in the data does not support a definitive conclusion
about the difference between the two conductivities.
The separation results demonstrate complete stream sep-
aration of the two particle sizes in both media on a sin-
gle pass through the device. The separation efficiency was
tested independently by examining the output samples in
an SEM facility used for biological testing. In the separated
samples tested, cross contamination by the other particle size
was not observed, indicating that the separation was close to
99.9%. However, these data were not considered absolutely
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Figure 3. Still video sequences recorded
of the motion of the particles at the exit
of the array with particles moving from
bottom to top. Images were taken from
the video of separation with several sub-
sequent images superimposed to show
the path of the particles. Some of the
particles have been deflected by the ar-
ray, which can just be seen at the bot-
tom of the image. Also shown are the
analyzed data of intensity (arbitrary unit)
plotted against distance across the im-
age (and therefore the channel), demon-
strating that the large (brighter) particles
have been displaced across the chan-
nel from the smaller (dimmer) particles.
These data are for two sizes of particles
(2 and 1 m) suspended in medium of
14.8 mS/m and frequency of 1 MHz as
a function of peak-to-peak voltage (Vpp):
(A) 12, (B) 14, (C) 15, and (D) 17 Vpp. The
width of the still image is 660 mand the
channel width was 510 m. The sample
flow rate was 0.1 L/min and the sheath
flow rate was 0.5 L/min.
conclusive as the recovery rate from the chip was only around
40% of the inputted sample.
4 Concluding remarks
The use of DEP for manipulation and separation has been
reviewed, with particular attention to the application to col-
loidal and nanoparticles, indicating potential for a range of
novel research opportunities. An innovative separation device
has been demonstrated that uses negative DEP to achieve
99.9% noncontact separation of a mixture of colloidal parti-
cles. The separation method relies on the movement of one
particle type, for which the dielectrophoretic force is stronger,
away from the second particle type. In this case, this was the
larger size of colloidal particle; with the smaller size remains
unaffected by the force.
The use of two aligned microelectrode arrays on top and
at bottom of the channel ensures that DEP force is stronger
throughout the chamber, important for colloidal particles
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Figure 4. Still video sequences recorded
of the motion of the particles at the exit
of the array with particles moving from
bottom to top. Images were taken from
the video of separation with several sub-
sequent images superimposed to show
the path of the particles. Some of the par-
ticles have been deflected by the array,
which can just be seen at the bottom of
the image. Also shown are the analyzed
data of intensity (arbitrary unit) plot-
ted against distance across the image,
demonstrating that the large (brighter)
particles have been displaced across the
channel from the smaller (dimmer) parti-
cles. These data are for two sizes of parti-
cles (2 and 1 m) suspended in medium
of 1.9 mS/m and frequency of 1 MHz as
a function of peak-to-peak voltage (Vpp):
(A) 8.8, (B) 11.5, (C) 15.5, and (D) 20 Vpp.
The width of the still image is 660 m
and the channel width was 510 m. The
sample flow rate was 0.1 L/min and the
sheath flow rate was 0.5 L/min.
where diffusion dominates and the system must be symmet-
rical. The separation method is continuous and flow-through
and thus involves no contamination on the device (i.e. no
fouling), ensuring longevity of operation. The separation is
sensitive to medium conductivity and applied voltage, indi-
cating that suitable conditions can be found to separate a wide
range of particle types.
Future work with this electrode design will focus on com-
plete characterization of the operation of the design and op-
timization of the physical characteristics in order to demon-
strate its effectiveness on small nanoscale particles. Figure 6
shows a composite still image of the separation of 1 m and
500 nm diameter spheres with an applied voltage of 30 Vpp.
As expected, higher voltages allow the 1mparticles to be de-
flected, however this level of potential difference would lead
to complications for long-term operation in the form of elec-
trochemical effects and damage to the electrodes. A superior
solution would be to shrink the size of the electrode array
and channel, or to determine if the angle of the electrodes is
optimum for the separation of nanoparticles.
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Figure 5. Analysis plots of physical distance of separation of the
two output streams of particle 2 and 1 m, from themixture at the
exit for a medium conductivity of 1.9 and 14.8 mS/m. These fig-
ures summarize a large number of experimental measurements
of separation between the positions of the two particles as a func-
tion of voltage at 1 MHz. Initially, the separation follows a voltage
squared dependency as expected up to the voltage where the
larger size of particle is exiting at the apex of the array. At higher
voltages the separation distance starts to decrease as the smaller
particles are now being deflected by the applied field.
Figure 6. Composite still image of multiple video streams, show-
ing particles exiting the microelectrode array. The input sample
was a mix of 1 m diameter and 500 nm diameter latex spheres.
The applied signal was 30 Vpp at a frequency of 5 MHz. The 1 m
particle stream is deflected by the array away from the 500 nm
stream near the wall.
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